The objective of this study was to report the outcome of horses treated either conservatively or surgically for luxation of the superficial digital flexor tendon (SDFT) from the calcaneal tuber. Medical records of horses with diagnosed SDFT luxations from the calcaneal tuber were reviewed and long-term follow-up examinations and owner questionnaires performed. Survival to hospital discharge, complications, final SDFT position, soundness and return to intended use were compared between conservatively or surgically treated horses. Following conservative treatment all horses (n = 8) survived to hospital discharge. At long-term follow-up 71.4% (5/7) had returned to intended use. The SDFT was unstable in all of them resulting in a mild mechanical lameness. Nine horses underwent surgical treatment. The SDFT was reduced and maintained in position with a synthetic mesh and sutures (n = 2), with a synthetic mesh, sutures and suture screws (n = 6) or with sutures and suture screws (n = 1). Only 66.7% (6/9) of the horses survived to hospital discharge. Fatal complications including support limb laminitis (1/9), implant infection (1/9), and support limb laminitis plus infection (1/9) occurred. All horses available for long-term follow-up (n = 5) were clinically sound and 80% (4/5) had returned to intended use. Following conservative treatment, a mild mechanical lameness will persist but will not prevent the horses from returning to their intended use. Surgical repair can result in a stable fixation of the SDFT with long-term soundness and return to intended use; however, fatal complications (support limb laminitis, infection) can occur leading to the euthanasia of the horse in the immediate postoperative period.
Introduction
Luxation of the superficial digital flexor tendon (SDFT) from the calcaneal tuber is an uncommon but well recognised condition in horses (Phillips 2000) . The displacement of the fibrocartilaginous cap (FCC) of the SDFT during the stance phase and the possible manual dislocation of the FCC are pathognomonic for this condition (Meagher and Aldrete 1989) (Supplementary Item 1) . Three distinct forms of luxations of the SDFT have been reported: a lateral displacement with rupture of the medial calcaneal retinaculum, a medial displacement with rupture of the lateral calcaneal retinaculum and splitting of the FCC of the SDFT (Auer 2012) . The SDFT luxation can be stable or unstable. In stable SDFT luxations, the SDFT is displaced towards lateral or medial and its FCC is permanently positioned on the abaxial aspect of the calcaneal tuber. In unstable SDFT luxations the FCC can move back and forth from the point of the calcaneal tuber to its abaxial aspect during motion (Wright and Minshall 2012) .
Conservative therapy consisting of stall rest, external coaptation with full-limb casts and/or bandages and controlled light exercise for 4-6 months has been described to treat this condition (Auer 2012) . However, a persistent mechanical lameness has been found following conservative therapy, limiting the use of these horses for dressage but allowing them to be used for racing or showjumping (Dyson 2010) . A peritendinous injection of a sclerosing agent was helpful in some horses to stabilise the luxated SDFT (Dyson 2010) .
Some authors advocate that surgical repair is essential for affected horses to return to full athletic function (Auer 2012) . Various surgical techniques aiming to restore the anatomical position of the SDFT over the plantar aspect of the calcaneal tuber have been reported. A good outcome was reported with medial luxation of the SDFT using only a 2-layer suture repair of the lateral retinaculum (Reiners et al. 2000) . Repair of the torn retinaculum with sutures and a mesh has been described (Scott et al. 1982; Phillips 2000) , whereby a successful outcome was achieved in 50% of the cases (Phillips 2000) . In two mature horses with lateral luxations of the SDFT, the medial retinaculum was sutured and two cancellous bone screws were placed on the lateral aspect of the calcaneal tuber to prevent the SDFT from re-luxating (Meagher and Aldrete 1989) .
Instead of 'luxation' of the SDFT, Wright and Minshall (2012) used the term 'subluxation' to describe this condition, because the FCC of the SDFT still remained in contact with the apex of the calcaneal tuber. They reported seven horses with unstable SDFT subluxations. All the horses had evidence of longitudinal tearing of the FCC. The defect in the FCC created a buttonhole effect with the calcaneal tuber. Bursoscopic partial resection of the FCC and the associated torn retinaculum creating a stable subluxation of the SDFT abaxially to the calcaneal tuber lead to clinical improvement and return to work in six out of seven horses (Wright and Minshall 2012) .
The aims of this study were: 1) to report retrospectively the survival to hospital discharge, complications, long-term survival, cosmetic outcome, SDFT position and stability, soundness and return to intended use of horses treated conservatively and surgically for lateral or medial luxations of the SDFT from the calcaneal tuber; and 2) to describe a novel surgical technique, using suture screws, sutures and a mesh to replace the torn calcaneal retinaculum and to reattach the SDFT to the plantar aspect of the calcaneal tuber.
The hypothesis was that surgical repair would result in a stable SDFT and soundness of the horse and that conservative treatment would result in an unstable SDFT leading to a mechanical lameness, preventing the horse from returning to its intended use.
Materials and methods
Horses admitted with uni-or bilateral luxations of the SDFT from the calcaneal tuber admitted to two equine referral hospitals between 1993 and 2015 were included in the study. The medical records were retrospectively reviewed and the following data recorded: case history; weight; previous use; duration from injury to admission; type of SDFT luxation (medial, lateral); AAEP lameness grade (AAEP Horse Show Committee 1999) at admission; treatment group (surgical, conservative); duration and type of external coaptation (bandage, cast); duration of administered antimicrobial and anti-inflammatory medication; duration of hospitalisation; and survival to hospital discharge. For conservatively treated horses the duration of stall rest was recorded. For the surgically treated horses additional details were included: the used implants (suture screws, sutures, mesh), recovery from general anaesthesia (hydropool, rope-assisted), duration the horse was kept in a sling and post-operative complications.
Diagnostic imaging
Radiographic and ultrasonographic examinations of the horses performed at hospital admission, at hospital discharge and at the time point of the long-term follow up examination were retrospectively evaluated. The following radiographic findings were assessed: soft tissue abnormalities, osteoarthritic changes, pathological bone reactions at the calcaneal tuber and at the implant site and signs of implant failure. The following ultrasonographic findings were recorded: synovitis (intertendinous calcaneal bursa, subcutaneous calcaneal bursa, tarsal sheath, talocrural joint), location, degree of displacement and lesions of the SDFT, visibility of the calcaneal retinaculae and of the rupture site, subcutaneous abnormalities as well as lesions in other tendons.
Conservative treatment
Conservative treatment consisted of systemically administered anti-inflammatory medication, local cooling, stabilising full-limb bandages and stall rest.
Surgical treatment
The horses were anaesthetised using a previously described protocol (Picek et al. 2010) and placed into lateral recumbency. The affected limb was placed undermost in horses suffering from lateral SDFT luxations and uppermost in horses suffering from medial SDFT luxations. The limb was routinely prepared for surgery. A curvilinear 20 cm skin incision was made over the plantaromedial or -lateral aspect of the calcaneal tuber (Fig 1a) . After sharp dissection of the subcutaneous tissue and the tarsal fascia, the edges of the torn SDFT retinaculum were identified and if necessary sharply debrided. Self-tapping 4.0 mm cancellous suture screws 1 were placed horizontally into the calcaneal tuber at the level of the retinaculum insertion, in approximately 8 mm intervals. For each screw, a 2.5 mm drill hole was created under fluoroscopic guidance and the suture screws were manually inserted. Large diameter nonabsorbable sutures were then placed in a simple-interrupted pattern with bites going through the abaxial aspect of the FCC of the SDFT and through the eyelet of the suture screws. The sutures were successively tightened and tied under manual reposition of the FCC over the calcaneal tuber (Fig 1b) . In two horses (Horses 9 and 10) the ends of the torn retinaculum were apposed using sutures in a simple interrupted pattern without using suture screws. Finally, a synthetic mesh was fixed over the repair with single interrupted sutures using nonabsorbable suture material going through the eyelet of the suture screws (n = 7) or through the periretinacular tissue (n = 2) abaxially and through the FCC of the SDFT axially (Fig 1c) . The tarsal fascia and subcutaneous tissue were closed with absorbable suture material in a simple continuous pattern. The skin was apposed using nonabsorbable suture material in a simple interrupted pattern or using skin staples.
Recovery and post-operative period
Horses were either recovered from general anaesthesia assisted with head and tail ropes in a full-limb cast or they were recovered in a hydropool system wearing a hydrophobic wound dressing. The horses were stall rested in a full-limb cast (following head and tail rope recovery) or they were placed into a sling 2 in a full-limb bandage (following hydropool recovery) (F€ urst et al. 2006) . A hoof bandage with raised heels and frog support with silicone packing material (Siltoform) 3 was applied to the contralateral limb to prevent support limb laminitis (Baxter and Morrison 2008) . Broadspectrum antimicrobials and anti-inflammatory medication were administered as described below.
Long-term outcome
Long-term follow-up was obtained through orthopaedic examinations. When horses were not available for a follow-up examination, an owner telephone interview was performed.
The following information was recorded: survival, SDFT position and stability, cosmetic outcome, soundness, and return to intended use.
Post-mortem examination
Following owner consent, a post-mortem examination was performed in four of the surgically treated horses within 48 h of euthanasia. Two of these horses were subjected to euthanasia for reasons unrelated to the surgery. The affected limb was dissected and the surgical repair was macroscopically and histologically described.
Data analysis
Continuous variables were reported as median (range). Categorical variables were reported as absolute values (percentages) for conservatively and surgically treated horses separately. In both treatment groups (surgical, conservative), the foals were described separately.
Results
Overall 16 mature horses and two foals were included in the study. There were eight mares (44.4%), 8 geldings (44.4%) and two intact males (11.1%). All mature horses had either uni-or bilateral lateral luxations of the SDFT. Both foals presented with unilateral medial luxations of the SDFT. In 13 horses
Luxation of the superficial digital flexor tendon (72.2%) the right hind limb, in 3 horses (16.7%) the left hind limb and in two horses (11.1%) both hind limbs were affected. Seven mature horses and one foal were treated conservatively (44.4%) and eight mature horses and one foal surgically (50%). One mature horse diagnosed with a bilateral luxation of the SDFT was subjected to euthanasia at presentation at the owner's request and was excluded from the study.
Diagnostic imaging
The radiographic and ultrasonographic imaging findings are summarised in Supplementary Items 2 and 3. Fig 2 shows radiographs of Horse 13 obtained at the long-term follow-up examination.
Conservative treatment
Mature horses were age 12.5 years (6-19 years) and weighed 500 kg (400-600 kg). The foal was age 18 days old and weighed 65 kg. The duration from injury to admission was 90 days (1-180 days) for the mature horses and 7 days for the foal. At presentation four mature horses were grade 4 lame, two were grade 3 lame, two were grade 2 lame and the foal was grade 2 lame. The mature horses were stall rested for 3.2 months (5 days-6.4 months) with a full limb bandage (4/7) for 15 days (3-28 days). The foal was confined to a stall with a small paddock for 42 days without bandage. The mature horses received phenylbutazone (2.2 mg/kg bwt per os, q. 12 h; Equipalazone) 4 for 13 days (5-21 days). The foal did not receive any medication. The mature horses were hospitalised for 6 days (0-13 days). The foal was not hospitalised. The previous use, the complications during hospitalisation and the survival to hospital discharge of the conservatively treated horses are shown in Table 1 .
Surgical treatment
Mature horses were age 11 years (6-16 years) and weighed 527 kg (460-595 kg). The foal was age 58 days and weighed 112 kg. The duration from injury to admission was 90 days (1-180 days) for the mature horses and 3 days for the foal. At hospital admission three mature horses were grade 4 lame, There is no evidence of new bone formation or signs of implant failure at the five suture screws. A moderate degree of soft tissue swelling and an ill-defined curvilinear mineralisation within the subcutaneous tissues at the site of the mesh and nonabsorbable suture material (white arrows) can be identified. There is a moderate degree of osteoarthritis visible in the distal and proximal tarsal joints. . The mature horses were hospitalised for 46 days (17-75 days) and the foal for 3 days. The previous use, the implants used for the surgical repair, the recovery from general anaesthesia, the post-operative complications and the survival to hospital discharge of the surgically treated horses are shown in Table 2 .
Long-term outcome
For the conservatively treated horses, long-term follow-up was obtained after 3.1 years (8.3 months-5.5 years) by orthop aedic examination (n = 4) and telephone questionnaire (n = 3). For the surgically treated horses, long-term follow-up was obtained at 9.3 years (2.4-16.1 years) post-operatively by orthopaedic examination (n = 2) and telephone questionnaire (n = 3).
Details on long-term survival, soundness and return to intended use as well as cosmetic outcome and the SDFT position and stability are shown in Table 1 and Fig 3a for the conservatively treated horses and Table 2 and Fig 3b for the surgically treated horses.
Post-mortem examination
Horses 12 and 14 were subjected to euthanasia due to implant infection alone or in combination with laminitis. At post-mortem examination in Horse 12, loose suture screws due to osteomyelitis following implant infection were identified. In Horse 14, fibrin was visible around the implants macroscopically and the tissue around the sutures showed evidence of a neutrophilic infiltration and degeneration histologically. No necropsy was performed on Horse 15.
Horses 9 and 16 were subjected to euthanasia for reasons unrelated to the surgery. In Horse 9 (subjected to euthanasia due to old age 16 years post-operatively), the mesh and sutures were intact and embedded in scar tissue. The histological examination revealed no signs of inflammation in the surrounding tissue. In Horse 16 (subjected to euthanasia due to colon torsion 4 months post-operatively), the mesh, the sutures and the suture screws were intact and the repair stable.
Discussion
This study reports the outcome of horses either treated conservatively or surgically for luxations of the SDFT from the calcaneal tuber. Following conservative treatment, 71.4% (5/ 7) of the horses returned to their intended use long term, despite suffering from a mild mechanical lameness and a mild outward rotation of the limb due to the nonphysiological position of the SDFT. Surgical treatment led to long-term soundness and return to intended use in 80% (4/5) of the horses available for follow up. In 80% (4/5) of the horses, the repair was intact and the SDFT was stably fixated over to the plantar aspect of the calcaneal tuber. However, fatal complications (laminitis and implant infection) occurred in the post-operative period and only 66.7% (6/9) of the horses survived to hospital discharge after surgical treatment. In contrast, the survival to hospital discharge after conservative treatment was of 100% (8/8).
Considering the high morbidity and mortality following surgical treatment, conservative treatment should be recommended to owners, with the goal to preserve the horse's life independent of any mechanical gait impairment. Surgical treatment results in the best possible biomechanical result, but is associated with a risk of fatal complications in the post-operative period. Awareness and aggressive pre-emptive management of support limb laminitis is considered a priority and may have a positive effect on the survival rate following surgical repair. Several factors resulting in reduced weightbearing were present in Horses 14 and 15 which were subjected to euthanasia due to support limb laminitis. Post-operative pain due to increased strain on the surgically fixated SDFT may have resulted in poorer weightbearing in the surgically treated horses in comparison to the conservatively treated horses. Furthermore, pain originating from a surgical site infection, as occurred in Horse 14, may have worsened weightbearing. Additionally, both horses had the operated limb stabilised with a full-limb cast. An association between full-limb casts and the occurrence of support limb laminitis has been reported (Virgin et al. 2011) . Horses requiring casts for longer periods of time and those requiring full-limb casts or transfixation casts as opposed to half-limb casts were at an increased risk for developing support limb laminitis (Virgin et al. 2011) . In the authors' experience many horses do not accept full-limb casts well and overload the contralateral limb. Premature cast removal can be necessary in case of nonacceptance because of the risk of laminitis (Phillips 2000) . To prevent this complication, we recommend using slings (or other measures) to prevent the horses from lying down in the early postoperative period rather than keeping them in full-limb casts for long periods. Additionally, careful monitoring and aggressive post-operative multimodal pain management can significantly improve patient welfare and outcome (Love 2012) . The combined use of nonsteroidal anti-inflammatory drugs, epidural analgesia and continuous intravenous infusions of ketamine, lidocaine or butorphanol (Goodrich 2009; Love 2012) should be considered to improve weightbearing.
The rate of post-operative orthopaedic infections following long bone fracture repair and arthrodesis was reported to be 28% (Ahern et al. 2010) . This is comparable to our study where the implant infection rate was 22.2% (2/9). The implant infections were managed with systemic and local administration of antimicrobials (intrasynovial injections of the intertendinous calcaneal bursa). In Horse 14 the infection was managed successfully. The horse was, however, subjected to euthanasia due to support limb laminitis. In Horse 12 the infection did not resolve. Implant removal was discussed with the owner, who refused to allow a second surgery. The horse was subjected to euthanasia 21 days postoperatively with poor weightbearing, radiographical lysis surrounding the screws and evidence of an infected intertendinous calcaneal bursa. The implant infections in these two horses made a prolonged administration of antimicrobials necessary (21 days in Horse 12, 31 days in Horse 14). These two values increased the median duration of antimicrobial use (17 days) in our study.
In the first two horses operated on (Horses 9 and 10), only a synthetic mesh and sutures were used to replace the torn retinaculum. In these horses, only a minimal amount of retinaculum was available at the insertion site into the calcaneal tuber for suture purchase and in addition, the remaining fibres were very friable. Therefore, it was challenging to tie the sutures without pulling them through the retinaculum. Following SDFT reluxation in Horse 10, the operation technique was modified (as shown in Fig 1) . In the authors' experience, the eyelets of the screws represent a much stronger anchor for the sutures than the remaining retinaculum fibres allowing a solid fixation of the FCC to the calcaneal tuber. A synthetic mesh was applied over the sutures to allow a better distribution of the suture strain and prevent suture pull out at the abaxial aspect of the FCC. After using the technique (as shown in Fig 1) no further implant failure has occurred and the authors recommend using this technique if a surgical repair is attempted. Experience from using these suture screws in other surgical repairs (i.e. prosthetic capsule treatment for coxofemoral luxation [K€ ummerle and F€ urst 2011] ) have shown that the fairly sharp eyelet of these screws represents a potential weak point of the repair. The use of different anchor screws (i.e. HEALIX TI dual threaded suture anchors 8 with integrated suture material) may be a further possibility when implant failure does occur. Failure of the surgical repair occurred in Horse 10 and therefore a persistent mechanical lameness could have been expected thereafter similar to horses undergoing conservative treatment. However, in this horse, the SDFT was stable on the lateral aspect of the calcaneal tuber and no mechanical lameness was present at the long-term follow-up examination. Wright and Minshall (2012) described a buttonhole effect with the calcaneus protruding into the defect of the torn FCC preventing a complete subluxation and resulting in lameness. The bursoscopic removal of the disrupted and inhibitory tissue created a stable subluxation of the SDFT (Wright and Minshall 2012) . The surgical debridement of the torn retinaculum at the time of surgery in Horse 10 may have prevented the above described buttonhole effect and resulted in the stable lateral luxation of the SDFT seen in this case.
The described minimally invasive bursoscopic approach is associated with a lower morbidity than our open approach (Wright and Minshall 2012) ; however, it is important to keep the aim of the surgical treatment in mind. Wright and Minshall (2012) aimed to obtain a stable luxation of the SDFT and our goal was to restore the correct anatomic position of the SDFT over the calcaneal tuber. For this, an open approach was necessary in order to fixate the SDFT to the calcaneal tuber. Furthermore, the inclusion criteria regarding the clinical presentation of the horses were different between the two studies. In our study only horses with unstable luxations of the SDFT were included. In contrast to that, Wright and Minshall (2012) only had a few horses with unstable luxations (7/19) and mainly described horses with stable luxations (12/19).
Following bursoscopy 86.7% (6/7) of the horses with unstable luxations went back to work but only 57.1% (4/7) went back to their previous level of use (Wright and Minshall 2012) . Following fixation of the SDFT to the calcaneal tuber with our surgical technique 80% (4/5) of the horses surviving long-term went back to their intended use.
In this study, lateral luxations of the SDFT were more common than medial ones. This concurs with the literature (Scott et al. 1982; Scott 1983; Meagher and Aldrete 1989; Reiners et al. 2000; Auer 2012; Wright and Minshall 2012 ). In the current study, only foals suffered from medial SDFT luxations. This was an unexpected and previously unreported finding. In mature horses, the medial calcaneal retinaculum is thinner than the lateral (Barker and Wright 2014), which could explain why it is more prone to rupture. In foals, the exact anatomy of the retinaculae has not been described and cases of SDFT luxation are not yet reported. Our finding of two foals is inadequate to postulate that medial luxations may occur more frequently in immature patients. Further evaluation of foals with SDFT luxations will be necessary to support this conclusion.
This study has limitations common to all retrospective studies. The main limitation is that treatment type (conservative or surgical) was not randomly assigned to the admitted horses. Treatment was chosen by the owner and was biased by many factors including the value of the horse, the owner's expectations and the financial situation. For this reason, the different outcome parameters of the conservatively and surgically treated horses cannot be statistically compared. The authors acknowledge that the intended use of three of the surgically treated mature horses was pleasure riding and the foal who was intended for racing was only in training at the time of follow-up. Thus, the prognosis for the return to intended use of the published surgically repaired horses should not be extrapolated to horses performing at higher athletic level.
Conclusion
The results of this study suggest that conservative treatment of luxations of the SDFT from the calcaneal tuber is a safe and viable option, especially with respect to long-term survival. Despite persistence of a mechanical lameness due to the unstable SDFT, the use of the horse as previously intended will be possible in most cases. Surgical fixation of SDFT luxation can result in sound horses returning to their intended use. However, dramatic complications related to the surgery can result in euthanasia. These complications require early recognition and aggressive prevention measures to improve the hospital survival rate with surgical repair. Re-luxation following implant failure was prevented using a combination of suture screws and a synthetic mesh.
